The hypothesis that traits closely associated with fitness will generally possess lower heritabilities than traits more loosely connected with fitness is tested using 1120 narrow sense heritability estimates for wild, outbred animal populations, collected from the published record. Our results indicate that life history traits generally possess lower heritabilities than morphological traits, and that the means, medians, and cumulative frequency distributions of behavioural and physiological traits are intermediate between life history and morphological traits. These findings are consistent with popular interpretations of Fisher's (1930 Fisher's ( , 1958 Fundamental Theorem of Natural Selection, and Falconer (1960, 1981), but also indicate that high heritabilities are maintained within natural populations even for traits believed to he under strong selection. It is also found that the heritability of morphological traits is significantly lower for ectotherms than it is for endotherms which may in part be a result of the strong correlation between life history and body size for many ectotherms.
INTRODUCTION
The fundamental theorem of natural selection states: "The rate of increase in fitness of any organism at any time is equal to its genetic variance in fitness at that time" (Fisher, 1930 ). Fisher's theorem is axiomatic to much of current evolutionary research. It has been variously interpreted but is generally construed to imply that traits that have been closely and consistently associated with fitness will exhibit low additive genetic variances as a result of natural selection (e.g., Hegmann and Dingle, 1982; Lynch and Sulzbach, 1984; Riddel et cii., 1981) . However, the validity of the fundamental theorem is dependent upon many assumptions that may not usually be met by natural populations (e.g., population equilibrium, weak selection, constancy of genotypic fitnesses over time, and independence of genotypic frequencies) (Charlesworth, 1987) . The maintenance of low additive genetic variance has also been inferred to imply low heritability (in the narrow sense); "On the whole, characters with the lowest heritabilities are those most closely connected with fitness, while characters with the highest heritabilities are those that might be judged on biological grounds to be the least important as determinants of natural selection." (Falconer, 1960 (Falconer, , 1981 .) The most extensive compilation of data in support of this view is that presented in table 10.1 of Falconer (1981) . However, these data are rather few and derived primarily from domestic animals, which may be partly inbred. Extension to wild, outbred organisms may be erroneous.
It is possible that some significant amount of additive genetic variance can be maintained within natural populations, even for characters tightly connected to fitness; possible mechanisms include mutation (Lande, 1976; Turelli, 1984) , heterozygote advantage (Falconer, 1981) , frequency dependence (Bulmer, 1980) , fluctuating environments (Ewing, 1979) and migration (Felsenstein, 1976) . In addition, zero additive genetic variance in fitness is consistent with positive heritability estimates of fitness components when there exists negative genetic correlations between components (Rose and Charlesworth, 1981) .
It is in response to the importance the views of Fisher (1930 Fisher ( , 1958 and Falconer (1960 Falconer ( , 1981 have reached in the ecological literature, and the concurrent lack of rigorously examined empirical support for these views, that we have undertaken the compilation, analysis, and interpretation of the extensive quantity of data concerning genetic variation within natural populations now available from the published record.
In this paper we address two questions: (a) What is the heritability of traits closely associated with fitness? Do traits that are directly connected to fitness tend to have lower heritabilities than traits more loosely associated with fitness as proposed by Falconer (1960 Falconer ( , 1981 and suggested by Fisher (1930 Fisher ( , 1958 ? If we find this to be not the case a serious reevaluation of current evolutionary thinking would be necessary. (b) Do patterns of genetic variability change from taxa to taxa? If so, this might suggest phylogenetically determined constraints upon rates of evolution.
The data set Thedata set comprises 1120 narrow sense heritability estimates collected from 140 sources, representing 75 species. Heritability estimates for the Drosophila genus were excluded from the present study as they are treated elsewhere (Rofi and Mousseau, 1987) . The only prerequisite for inclusion in the data set was that the heritability estimate be derived from a wild, outbred stock; so as to avoid biases potentially introduced through our literature reviewing process, the data were in no other way screened or selected. This compilation is the most extensive of its kind but is not exhaustive. A list of the sources, divided according to species, is given in an appendix.
For the purposes of analysis we define four categories of traits: (a) behavioural traits, (b) life history traits, (c) morphological traits, and (d) physiological traits. We have restricted the term "life history trait" to those characters that are directly and invariably connected to fitness. Some examples of life history traits are fecundity, viability, survival, and development rate. Morphological traits include body size, wing size, and other metric characters. Behavioural and physiological traits are much less widely reported than life history or morphological traits. Examples of behavioural traits are alarm reaction, activity level, and sensitivity to conditioning. Physiological traits include oxygen consumption, resistance to heat stress, and body temperature.
The composition of the data set, divided according to trait type and taxonomic assignment is presented in fig. 1 . A total of 341 life history traits, 570 morphological traits, 104 physiological traits, and 105 behavioural traits are represented within the data set. Alternatively, there are 414 heritability estimates for invertebrates, 460 estimates for ectothermic vertebrates (reptiles, amphibians, and fishes), and 246 estimates for endothermic vertebrates (birds and mammals). These taxonomic designations reflect divisions between groupings of biological and ecological significance, and an attempt to maintain statistically sufficient sample sizes within each grouping. Figure 1 The number of reported heritability estimates grouped according to trait type and taxonomic assignment. Olds and Rutledge, 1986) . Given the heterogeneous nature of our data set, we commence this investigation with a comparison of heritability estimates generated using different methods of calculation. The outcome of this examination will dictate whether it is necessary to include the method of estimation as a factor in the analyses to follow.
The most commonly employed methods of heritability estimation within our data set are the parent-offspring regression (n = 341) and the fullsib correlation (n = 463) designs. The realised (n = 133) and half-sib (n = 176) designs are much less frequently utilized and as a result, insufficiently represented for the analyses to follow. Theory (Falconer, 1981) predicts that within a given population, for a given trait, estimates generated using the full-sib design will usually be higher or equal to those produced using the parentoffspring method. This results primarily from the covariance of full sibs being inflated by environmental variance between families and by dominance variance (Falconer, 1981) .
The simplest and most convincing manner in which to approach this question is to compare heritability estimates calculated using different methods for the same character within a given population. This approach avoids problems related to the sensitivity of heritability estimates to differences between populations in environmental conditions, past and present (Falconer, 1981) . Table 1 list 33 paired heritability estimates for a variety of characters, obtained from 11 independent studies, for 9 species. We found that on average, the full-sib design produced estimates that were greater by 0073 than those obtained using the parent-offspring regression method. In addition, full-sib estimates were higher than parentoffspring estimates for 20 of the 33 cases. However, the results of a paired comparison (-test, a Wilcoxon's signed rank test, and a simple sign test revealed no significant differences between estimates generated using these two methods ( fig. 2 ). Since we are concerned with the functional relationship between heritability estimates generated using the full-sib and parentoffspring methods, and the errors of estimation are roughly comparable for both methods, it is appropriate that we determine the slope of the functional regression using Ricker's (1973) formula:
v=b/r where v is the slope of the functional regression, b is the slope obtained using an ordinary linear regression, and r is the correlation coefficient of the relationship. Ricker's (1973) formula is used because simple least-squares linear regressions will tend to seriously underestimate the slope (when r is <1) if the abscissal (X) observations are subject to natural variability of the same magnitude as the Y observations. We find that once corrected, the slope describing the functional relationship between full-sib and parent-offspring estimates equals 110, which is not significantly different from unity.
Even if the lack of statistical significance found between estimates generated using different methods of calculation were primarily due to insufficient data, the bias that might be introduced is sufficiently small (<10 per cent) to justify the pooling of full-sib and parent-offspring estimates. In any case, the various estimates (full-sib, half-sib, parent-offspring, and realised) were roughly evenly represented in the different trait groupings. Heritability estimates are frequently reported without standard errors; only 738 of the 1120 estimates collected for this study included standard errors. We found the relationship between the standard error and the heritability estimate to be: SE =0 172 (±0.014)h2+0.088 (±0.007),
Although heritability estimates frequently possess large standard errors, an analysis of variance upon the residuals of the above relationship found no significant difference between the standard errors Reference invertebrates associated with estimates generated using the fullsib and parent-offspring methods of calculation (F = 17, p > O2, n = 659).
The above results suggest that there is no apparent bias introduced to the data set by the method of heritability estimation; Roff and Mousseau (1987) obtained a similar result for Drosophila when comparing parent-offspring estimates with half-sib and realised estimates. The method of heritability estimation will not be considered further in this study.
II. Heritability and fitness
Classical theory (e.g., Falconer, 1960; Fisher, 1930) predicts that traits closely associated with fitness will have low heritabilities while more distantly related traits should have higher heritabilities. If this is indeed the case for natural populations we would expect life history traits to possess, on average, lower heritabilities than morphological traits. It is more difficult to predict a priori the relationship between fitness and behavioural and physiological traits. Falconer's compilation (1981, heritabilities. It has been proposed that many behavioural traits will be under strong stabilising selection (Lee and Parsons, 1968) , and as a result, possess low heritabilities. It seems only reasonable to suppose that traits such as food conversion efficiency and mating propensity are more closely connected to fitness than morphological traits.
However, this assumption must be viewed cautiously as fecundity and development time in ectotherms are tightly correlated with body size, a morphological trait (Kusano, 1982; Peters, 1983; Roff, 1981 Roff, , 1984 Roff, , 1986a . For this reason we do not make any predictions concerning the ranking of heritabilities of morphology, behaviour, and physiology, but rather, use the data to discern whatever pattern might exist. All analyses were performed using an IBM PC;
complete descriptions of the statistical tests employed can be found in Sokal and Rohlf (1981) .
The use of non-parametric statistics (e.g., the Kolmogorov-Smirnov test, and the KruskalWallis test) have been emphasized in our analyses in order to avoid the violation of assumptions associated with the use of more traditional parametric statistics (e.g., normality, homogeneity of variances).
Our analysis of the data has been arranged in a hierarchical manner, organised into four progressively finer scaled lines of investigation: (a)
The analysis of the entire data set. (b) The analysis of median heritability values of each character, for a given species. This approach will allow the elimination of biases in the data set due to overrepresentation of particular characters and species, and will negate the influence held by outliers. (c) The analysis of random subsamples of the data set. The objective of this approach is to assess the stability of any patterns that have emerged from the previous analyses. (d) The paired comparison of life history and morphological traits derived from identical populations and studies.
The entire data set At this resolution, our analysis is directed towards the illumination of gross patterns of variation. We ignore potential biases introduced via the overrepresentation of certain species and characters, and the effect of outliers. The results indicate that life history traits are generally much lower than morphological traits, and that behavioural and physiological traits tend to fall in the middle. This pattern is consistent with the observed means, medians, and cumulative dis- The results of this analysis are qualitatively similar to those obtained for the larger data set; the rankings of the means, medians, and cumulative distributions are identical. Random sampling of the data set For this analysis, as an alternative to using median values for a character, a representative estimate was selected at random. For example, a total of ten heritability estimates for age at maturity were collected for the rainbow trout Salmo gairdneri. Of those 10 estimates, one was randomly chosen to represent this character, for this species. This process was repeated for all characters and species with multiple estimates to generate a randomly selected subset of the larger data set. The entire process was repeated to provide 25 such subsets and all tests were performed individually upon each subset. As with the use of medians, this approach eliminates biases due to the overrepresentation of particular characters and species. We found that generally, the results obtained from the random sampling of the data set were statistically similar to those found using median values (table 4). In only one out of 150 comparisons did the results contradict those obtained using medians. Overall, we conclude that the pattern of trait rankings derived from the median data set is robust to the variance contained within the larger data set.
The paired comparison of fitness and nonfitness traits
The objective of this analysis was to make comparisons of traits independently of the species and study from which they were derived. To meet this objective we have collected data from 30 sources and 9 species where estimates for life history and morphological traits have been reported for the same population (table 5) . We have confined our 
Heritability and phylogeny
In this section of the paper we address the question: Do patterns of heritability vary from taxa to taxa? It is apparent that there exist developmental constraints related to evolutionary history that may have led to differences between taxonomic groups with respect to the additive genetic variance of various characters. For example, it is well established that fecundity and body size are positively correlated in many ectothermic species (e.g., fish, spiders, salamanders, aquatic ectotherms), and that this correlation is insignificant or negative for birds and mammals (Kusano, 1982; Peters, 1983, p. 279; RofT, 1981 RofT, , 1984 RofT, , 1986a . This would suggest that morphological traits related to body size will possess lower heritabilities in ectothermic organisms than in endotherms.
In the following analysis we have examined Thus result is reinforced by a Mann-Whitney Utest (z=565,p<0•0001, nl =365, n2=215) and a t-test (t = -60, p <00001, df= 578). In contrast, Table 4 Summary of the results obtained from Kolmogorov-Smirnov tests upon comparisons of trait types within randomly generated data sets. The number given represents the number of tests (out of 25) which fell into a given significance level. For example, comparisons between life history and morphological traits yielded a Dma, which was significant at p <00001 for 25 of the 25 randomly generated data sets (6) 0515 (1) -0372
Derr, 1980 (cotton stainer bug) Eurytemora herdmani 0115 (12) 0615 (8) -0500
McLaren, 1976 (copepod) Gambusia affinis 0285 (2) 0745 (2) -0460
Busack and Gall, 1983 (mosquitofish) Homarus americanus 0.200 (24) 0360 (20) -0160 Fairful et aL, 1981 (American lobster) Oncopeltusfasciatus 0240 (9) 0375 (2) - 0135 Hegmann and Dingle, 1982 (milkweed bug) Pseudocalanus 0385 (6) 0458 (2) -0073
McLaren and Corkett, 1978 (copepod) Salmo gairdneri 0230 (1) 0180 (1) 0090 (1) 0405 (2) 0170 (3) 0400 (3) -0175
+0010
-0310 Gall and Gross, 1978a , b Gjerde and Gjedrem, 1984 Gjerde and Gjedrem, 1984 0420 (1) 0440 (3) -0020 Gjerde and Gjedrem, 1984 (Atlantic salmon) 0150 (1) 1.000 (1) 0670 (1) 0540 (3) 0550 (2) 0-590 (2) -0-390 +0450 +0080 Gjerde and Gjedrem, 1984 Naevdal et a!., 1976 Naevdal et al., 1976 neither the mean nor the cumulative distribution of life history traits were significantly different between ectotherms and endotherms ( fig. 5 ; t-test = -1-63, p >01, df= 345; Kolmogorov-Smirnov Dmax = 037, p>O.O5), although the medians were found to be significantly different (Mann-Whitney U-test: z=281,p<0005, nI =333, n2= 14). The statistical analysis of comparisons between invertebrates and vertebrates ( fig. 5 ) yielded insignificant results for both life history traits (t-test t = 0-76, p >04, df= 345; Mann-Whitney U-test z = -1l6,p>O25, nI =211, n2= 136; KolmogorovSmirnov Dma,, = 0i5, p >0.05), and morphological traits (t-test t = 1-2, p> 02, df= 578; Mann-Whitney U-test z = -17, p >0-i, ni = 108, n2 = 472; Kolmogorov-Smirnov max = 014, p >0-05).
DISCUSSION
Thenotion that traits closely associated with fitness will generally posses lower heritabilities than more distantly related traits, is supported by all segments of our analysis. Our findings extend further support to the views of Fisher (1930 Fisher ( , 1958 and Falconer (1960, 1981) concerning the nature of genetic variation within natural populations.
The ranking of trait types that we obtained for animals in general is consistent with that reported for Drosophila (RofT and Mousseau, 1987). (see table 6 ), and may be related to the close association between life history traits and body size in many ectotherms (Kusano, 1982; Peters, 1983; Roff, 1981 Roff, , 1984 Roff, , 1986a .
Our results show that behavioural and physiological traits have heritabilities more like those of life history traits than those of morphological traits.
One interpretation of this finding might be that physiological and behavioural traits are subject to constraints similar to those thought to influence fitness traits. In addition, this discovery supports Falconer's (1981) suggestion that physiological traits generally possess heritabilities intermediate between life history and morphological traits, and Lee and Parsons' (1968) contention that behavioural traits will usually be subject to stabilising selection. However, the magnitude of the average heritabilities of these traits suggests that significant genetic variance is maintained within most natural populations, even for traits closely affiliated with fitness. Table 6 A comparison of the relative frequencies of heritability estimates. The ectotherm and endotherm data are from this study and are based upon the median by trait data set. The Drosophila data are derived from Roff and Mousseau (1987) and is based upon the median by study data set There are many factors which may be responsible for the maintenance of genetic variance of fitness characters, The rate of origin of variation by mutation alone may be sufficient to maintain substantial additive genetic variance within natural populations (Lande, 1976; Turelli, 1984) . Heterozygote advantage (Falconer, 1981) , frequency dependent selection (Bulmer, 1980) , variable selection in heterogeneous environments (Ewing, 1979) , diversifying selection (Thoday, 1972) , and migration (Felsenstein, 1976) have been proposed as possible mechanisms for the sustenance of genetic variation. Also, significant heritabilities for fitness characters are not inconsistent with zero additive genetic variance in fitness given negative genetic correlations between fitness components (the antagonistic pleiotropy hypothesis). Much support has been generated for this hypothesis (e.g., Luckinbill et al., 1984; Rose, 1982 Rose, , 1984 Rose and Charlesworth, 1981; Service and Rose, 1985) ; however others (e.g., Bell, 1984a Bell, , 1984b Giesel, 1986; Murphy et a!., 1983; Stearns, 1983) have challenged its generality.
In conclusion, much of what has been generally accepted in the evolutionary literature concerning patterns of genetic variance in natural populations is verified by this study; fitness components do indeed generally possess lower heritabilities than traits believed to be unconnected to fitness. However, the mechanisms by which the high observed heritabilities of fitness components are maintained remains unclear. 
